The use of human induced pluripotent stem cells (hiPSCs) eliminates the ethical issues associated with fetal or embryonic materials, thus allowing progress in cell therapy research for ischemic stroke. Strict regulation of cell therapy development requires the xeno-free condition to eliminate clinical complications. Maintenance of hiPSCs with feeder-free condition presents a higher degree of spontaneous differentiation in comparison with conventional cultures. Therefore, feeder-free derivation might be not ideal for developing transplantable hiPSC derivatives. We developed the feeder-free condition for differentiation of cortical neurons from hiPSCs. Then, we evaluated the cells' characteristics upon transplantation into the sham and focal brain ischemia on adult male Wistar rats. Grafts in lesioned brains demonstrated polarized reactivity toward the ischemic border, indicated by directional preferences in axonal outgrowth and cellular migration, with no influence on graft survival. Following the transplantation, forelimb asymmetry was better restored compared with controls. Herein, we provide evidence to support the use of the xeno-free condition for the development of cell therapy for ischemic stroke.
| I N TR ODU C TI ON
Ischemic stroke gives rise to adult disability worldwide (George & Steinberg, 2015; Moskowitz, Lo, & Iadecola, 2010) . Transplantation of human neural stem cells (NSCs) has been reported to improve functional recovery in animal models of stroke (Andres et al., 2011; Gomi et al., 2012; Mine et al., 2013; Oki et al., 2012; Tornero et al., 2013) .
Clinical trials of human NSC transplantation had been conducted in limited numbers of patients with few sensorimotor improvements (Kalladka et al., 2016; Kondziolka et al., 2005) . Human induced pluripotent stem cells (hiPSCs) represent a valuable treatment option for stroke because the use of hiPSCs avoids many of the ethical issues associated with the use of fetal or embryonic material (Takahashi et al., 2007) .
Gray matter neuronal loss after stroke is irreplaceable because these neurons specifically develop during the embryologic period.
Stroke increases neurogenesis of adult NSC niche and promotes migration of newly born neurons toward the ischemic side (Arvidsson, Collin, Kirik, Kokaia, & Lindvall, 2002) . However, the neuronal identity is not like cortical neurons, as adult NSCs are physiologically programmed to produce olfactory bulb interneurons (Lledo, Merkle, & Alvarez-Buylla, 2008 ). Generation of cortical neuron progenitors from hiPSCs could overcome this hurdle for cellular replacement in stroke. The government agency addressed several issues on the clinical translation of cell therapy in stroke. One of those, development of cellular products without contamination of animal-derived materials, is strictly required. In the feeder-free condition, a higher concentration of exogenous basic fibroblast growth factor is required. The presence of spontaneously differentiated cells impairs the induction process. Therefore, feeder-free derivation might be not ideal for developing transplantable hiPSC derivatives (Meng, Liu, & Rancourt, 2011; Richards, Fong, Chan, Wong, & Bongso, 2002; Zhang et al., 2016) .
Therefore, we evaluated the differentiation outcome of hiPSCderived cortical neuron progenitors under the feeder-free condition and transplanted the cells in the subacute period (1 week) post reperfusion to investigate in vivo differentiation and the therapeutic potential.
| M A TE RI A L S A ND M E TH ODS

| Cortical neuronal progenitor differentiation
Kyoto University Graduate School of Medicine authorized the use of the human material. HiPSC (836B1) was established from dermal fibroblast of a healthy volunteer (developed by CiRA, Kyoto University) and previously maintained in the SNL feeder condition. In this study, we maintained on laminin E8 fragment (iMatrix 511, Nippi, Ibaraki, Japan) with feeder-free culture medium (Stemfit [AKO3], Ajinomoto, Tokyo, Japan). To adjust the differentiation in the feeder-free condition, we modified a previously described protocol on SNL feeder condition (Motono et al., 2016) . Confluent hiPSC colonies were pretreated with Y-27632 15 mM (WAKO, Tokyo, Japan) prior to differentiation. The colonies were dissociated with Accumax (Innovative Cell Tech., San Diego, CA, USA), and 12,000 live cells per well were then allowed to form embryoid body-like aggregates in U-bottom 96-well plates (Sumitomo Bakelite). To adjust the induction in the feeder-free condition, we modified a previously described protocol on the SNL feeder condition (Motono, Ioroi, Ogura, & Takahashi, 2016) . The colonies were dissociated with Accumax (Innovative Cell Tech., San Diego, CA, USA), and 12,000 live cells per well were then allowed to form embryoid bodylike aggregates in U-bottom 96-well plates (Sumitomo Bakelite, Kobe, Japan). The neural induction medium contained Dulbecco's modified Eagle medium/F-12 (WAKO, Tokyo, Japan), 20% knockout serum replacement, nonessential amino acids (0.1 mM), L -glutamine (2 mM; Gibco, Tokyo, Japan), and 2-mercaptoethanol (0.1 mM; WAKO, Tokyo, Japan). Neurobasal medium 1 B27 (Gibco, Tokyo, Japan) was used for neuronal differentiation. Small molecule compounds: C59 (10 nM; Cellagen Tech., San Diego, CA, USA), LDN193189 (100 nM; Stemgent, Beltsville, MD, USA), SB431542 (10 lM; Sigma Aldrich, Osaka, Japan), Y-27632 (50 mM; WAKO, Tokyo, Japan), and bFGF (5 ng/ml; Life Technologies, Tokyo, Japan). For transplantation, day 25 aggregates of differentiated hiPSCs were collected and dissociated using a neural tissue dissociation kit (MB-X9901, Sumitomo Bakelite, Kobe, Japan) and then resuspended at 50,000 cells per microliter. Some cells were replated (100,000 cells/cm 2 ) on precoated dishes with poly-L-ornithine (15 mg/ ml), laminin (0.45 mg/ml), and fibronectin (2 mg/ml) for assessment of in vitro maturation. Inc., Shiga, Japan). The data were assessed by using a DCT method and normalized to GAPDH expression. Experiments were independently quadruplicated. The primers were listed in Table 1 .
| Quantitative polymerase chain reaction
| Animals and cell transplantation
The Institutional Animal Care Committee of the Kyoto University Graduate School of Medicine approved all protocols. The Animal Facility of 
Kyoto University Center for iPS Cell Research and Application provided husbandry services in the specific pathogen-free facility for all animals used in research. Adult male Wistar rats (RRID: RGD_2314928; Shimizu Laboratory Supplies; n 5 35; 250-280 g; 12-13 weeks old) were studied. Rats were randomly allocated into sham (n 5 10), vehicle (n 5 12), and transplantation (n 5 13). The anesthetic regime was isoflurane (1.5%) in a mixture of O 2 and N 2 O (30%:70%, vol:vol). A 5-0 silicone-coated nylon thread (Doccol Co., MA, USA) was inserted into the right internal carotid artery through a small incision in the common carotid artery toward the carotid end ( 6 18 mm) (Takagi et al., 1998) .
The thread was left in place for 90 min and retrieved afterward to allow reperfusion. Body temperature was maintained in the normothermic range (37 8-38 8C) with a feedback-controlled heating pad and incubator (Biomachinery Co., Chiba, Japan). Rats that died within 48 hr after ischemia were excluded from the rest of the study (vehicle 5 2, transplantation 5 3). Cell transplantation was performed with stereotactic injection of 5 3 10 4 cells in 1 ml (0.5 ml/min) through a 26G needle into the right cortex (from the bregma: A, 1 0.5; L, 1 1.5; and V, 21.9 mm).
Both the sham (n 5 10) and transplantation (n 5 10) group underwent transplantation. All rats received cyclosporine A 10 mg/kg/day subcutaneously from the day of transplantation to the day of sacrifice for immunosuppression (4 weeks post transplantation). Animals were euthanized with pentobarbital and perfused transcardially with 4%
paraformaldehyde. The brains were cut at 30-mm thickness with a cryostat.
| Immunostaining
Cells were fixed in 4% paraformaldehyde for 15 min at room temperature. Aggregates were cryosectioned at 12 mm. Primary antibodies (Table 2) were diluted in blocking solution and incubated overnight at 4 8C. Alexa fluorescent-conjugated (Life Technologies, Tokyo, Japan) donkey antibodies (1:500) were used as secondary antibodies. Slides were mounted with Prolong Gold Antifade (Life Technologies, Tokyo, Japan). Fluorescent images were obtained using a BZ-X710 microscope (Keyence, IL, USA).
| Axonal density measurement
The axonal outgrowth was evaluated by anti-human neural cell adhesion molecule (NCAM, 1:500, Santa Cruz, sc-106, RRID: AB_627128)
staining after amplification with TSA-fluorescein (Perkin Elmer, MA, USA) per manufacturer's instructions. Human NCAM was inspected according to the destined regions: ipsilateral corpus callosum, ipsilateral striatum, contralateral corpus callosum, and lateral septal nuclei. The images were analyzed with NIH Image J (RRID: SCR_003070). The fibers' optical density was normalized to the intensity of the graft core. right ratio was calculated.
| Statistical analysis
Statistical analysis was performed using GraphPad Prism 7 (RRID: SCR_ 002798). On the basis of the previous study (Gomi et al., 2012) , we calculated that at least 8 animals were needed for statistical analysis. Histological data were analyzed by t test. The behavioral data were analyzed with a 2-way ANOVA followed by a Tukey post hoc test for multiple comparisons. Differences were considered significant at Upon dissociation and attachment culture, immature cortical neurons were observed (Figure 3i-l) . The differentiation into astrocytes (GFAP) was observed upon long-term culture ( > 80 days, Figure 3m ). In this condition, there was no differentiation into oligodendrocyte lineages at least until 90 days in vitro.
| Graft characteristics
Graft survival was indistinct between the sham and MCAO group (8,358 6 2,602 and 11,404 6 3,982, respectively, p 5 .53, t test, Figure   4a ). Transplanted grafts in the MCAO group exhibited more lateral migration toward the ischemic border (0.84 6 0.14 and 26.12 6 1.52, respectively, p < .0001, t test, Figure 4b 
| Axonal distribution
The axonal outgrowth in the sham group was minimum in density and short in distances (Figure 6a ). In MCAO, the axon outgrowth was more robust and directed toward the ischemic border (Figure 6b ). The optical density measurement confirmed the direction toward the ipsilesional side, in particular at the corpus callosum (0.0059 6 0.0039 and 0.0558 6 0.019, respectively, p 5 .021, t test) and nearby striatum (0.0056 6 0.002 and 0.0004 6 0.0002, respectively, p 5 .025, t test) (Figure 6c-e) . The optical density at the other regions (contralesional corpus callosum and lateral septal nuclei) was indistinct (Figure 6f-j) .
3.4 | hiPSC-derived cortical neuron progenitor transplantation enhances functional recovery and reduce microglia activation 
| D I SCUSSION
We obtained a comparable cortical neuron induction with previous feeder-maintained hiPSC neural induction (Gomi et al., 2012; Motono et al., 2016) . The previous study showed that xeno-free neural induction could be performed with insulin, transferrin, and sodium selenite and taurine cocktail (Lukovic et al., 2017) , but there was no cortical neuron formation. The majority of postmitotic neurons were GABAergic, which are physiological distinct from cortical neurons (glutamatergic) (Lukovic et al., 2017) . The neuron is a highly specified cell that developed within the specific region of neuroaxis; therefore, each region yielded distinct neurons. The FoxG1 is indispensable for generation of the cortical neurons from hiPSCs; otherwise, the daughter cells will be different (Kadoshima et al., 2013) . In this study, we applied the principle of dual-SMAD and Wnt inhibition to get specific telencephalon progenitor (FoxG1 
. The neuroepithelial cells self-assembled in complex 3D architecture mimicking in vivo development. The newly born deep layer neurons resided at the periphery of the progenitor zone, which characterizes the initial cortical layer formation (Eiraku et al., 2008) . One could further use the principle of embryoid-body induction for generation of brain organoids (Lancaster et al., 2013) .
Overall, the crucial step of cortical induction is the assurance of the pluripotency of PSCs and screening of suitable cell lines.
We did not detect any difference in graft survival upon transplantation either into sham or infarcted brain. Earlier reports also showed that the presence of ischemic damage in rats did not affect the survival of hiPSC-derived NSCs upon transplantation into the neurogenic zone in the subventricular zone (de la Rosa-Prieto et al., 2017) . Tremendous migration and axonal outgrowth from the transplanted cells was noted particularly in the infarcted brain, which was directed toward the glial scar. Several reports indicated that this phenomenon could be mediated by chemoattractants as well as by other soluble factors in the ischemic border (Imitola et al., 2004; Kelly et al., 2004) . The previous study also indicated that stroke environment alters grafted cells' axonal projection, in which grafted cells prefer the ischemic border rather than the rostral migratory system (De la Rosa Prieto et al., 2017).
In this study, the neuronal differentiation was unaffected by the ischemic environment. Ischemia promotes interleukin-6 (IL-6) expression in the ipsilesional hemisphere (Gertz et al., 2012) , and IL-6-related protein is known as a strong inducer of gliogenesis in NSCs (Tsuyama et al., 2015) . However, despite being attracted by and migrating toward the ischemic border, none of the cells in our grafts differentiated into astrocytes. Previous reports also yielded a high proportion of neurons and few glial cells (Andres et al., 2011; Espuny-Camacho et al., 2013; Gomi et al., 2012; Joannides et al., 2007; Mine et al., 2013; Oki et al., 2012; Tornero et al., 2013) . The regional specification of NSCs is crucial for the temporal lineage specification. The dorsal part of the neuroaxis is known to have late onset of gliogenesis compared with the ventral part. Our cellular products express Pax6 and Lhx2, which represent the pallium lineage (neocortex), which has a later onset of gliogenesis. Therefore, our cells hinder the response to the gliogenic induction from the ischemic environment (Richardson, Kessaris, & Pringle, 2006) .
Transplantation of cortical neuron progenitors better restores forelimb asymmetry in stroke rats compared with controls after 1 month of transplantation. Our evaluation indicated that transplantation did not reduce infarction sizes or promote endogenous neurogenesis (data not shown). The migration, neuronal differentiation, and axonal outgrowth toward the glial scar might contribute to the recovery process, as there were fewer Iba-1 Hi1 cells in the transplanted rats. There is a trend of negative correlation between poststroke inflammation and graft survival. The main confounding factor is immunosuppression (cyclosporine A); this might alter some inflammation or microglial profile behavior after stroke. Therefore, further study with immunocompromised rodents is necessary for confirmation.
We limit this study in adult male Wistar rats, to reduce infarct size variation. Female rodents are known to have smaller infarction and better neuroprotection than males (Manwani & McCullough, 2011 
